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DYNAMIC NON-LINEAR VAVE PROPAGATION
IN IONIZED NEDIA

7, Nonslinear plassa vaves in & streaming
homegeneous, cold ionized medium
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The research reported in this communigation deals with
thée properties of non-linear travelling and standing plasma
waveées ifn homogeneous, ionized cold streams.

For the travelling non-linear plasma waves it is possible
to obtain direct and simple expressions (provided electronic
overtaking does not occur), which relate the charge density
to the true atream coordinate. This direct method is, un=
fortunately, not in general applicable to the pratically
important case of standing plasma waves - a symaetric apace
charge wave pair in the linear theory. There exists oné exceéep-
tion, however, when the direct method can be applied to
atanding plasma waves, Vviz. the very special case of stream
plasma resonance. In all other cases, provided there is no
electronic overtaking, the indirect; but nevertheless exact,
methods of Olving [1] will have to be used.

The non-linear maximum charge peaks, or charge bunches,
are shown to be rather similar for the physically otherwise
quite differernit travelling and standing non-=linear waves.
Both rapidly become very rich in harmonics e¢s overtaking is
approached. If such a stream runs throigh a multi-resonant
system, for example the solar corona, an ionized anisotropic
medium, or a series of cavities in a microwave device, high
harfmonics may be excited in the system. Whether a net harmo-
nic radiation actually takes place or not from the inter-
acting medium is a problem of its own, difficult and beyond
the aims of the present investigation.




We assume that the ions and electrons of the infinitely
wide, homogeneous and cold stream have a mean and equal den=
sity No and a drift velocity Vg along the z=axis of the syss
tem. Furthermore, we neglect the oscillations of the ions and
assume that the electrons make longitudinal oscillations only.
This means that only electronic plasma oscillations are exci=
ted in the streaming medium.

We next introduce the following notations, viz.

éz.v@

N
w, (**é“f‘) s the angular electronic¢ plasma
°

frequency, (1)

pieNéia(N‘,fN,%)éipoitpa, (2)

where N_ is the differential electron density and p_ the
differential = or ac = space charge density,
vev +vV,, (3)

where v_ is the differential - or ac - velocity (in the a-
direction),

z2 =2z + 2z, ()

where z_ is the displacement of the electron planes from
the equilibrium position z, (= v t, if the unperturbed elec-
tron plane in question left the z_ = O level at time t = 0),

1 left the z, im
and finally

b, = EC «+ E,=E_, since E, = 0, (5)

[

i

vhere E_is the axial ac electric field strength.
As long as z_ is a single valued function, i.e. when




there is no elestronic overtaking, the electronic polarisa=
tion becomes

P =p,z % =Nez,. (6)

~ o ~

The basi¢ relation (6) holds for all non-linear oscillations,
when % _ is single valued, which we assume to be the case in
what follows.,

Sinoce we have an infinitely wide streas,

'e:E +«+P =0, (7)

s =-6,E/p,.. (8)
The équation of motion,

dgiﬁ

(9)

Lo 1

me=3rs =6 L ;
at? ~

therefore, by (8), immediately yields
LR 2
(-9—- +0°) z =0, (10)
at® P T~

The electrons thus, even in the non=linear case, oscillate
harmonically around their undisturbed position 2 (= vot_)
with the plasma frequency w_ /2w, a fact already pointed out
and discussed by Olving [1].

5 . k) s_=o, (10a)
4;; ¥ N

where

K5 = w2/vE = (2e )%, (")

and xp is the plasma wavelength of the streaming medium.

— e
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The amplitude of the plasma oscillations obviously varies
from plane to plané and ¢an be regarded as a function of
TP . _
t - gg. [1], whieh is a constant for any given eleactron (or
plane of electrons).
Rei. (7) immediately yields
3, 3P,  JE, 3z N
C BT * 5 "6 3t *Po3e O (12)
as it should be (the total axial ac current must be zero), i.e.
oz
e 5= by T (13)

where i _ is the (axial) ac convection current density.
Pinally the equation of continuity,

s, . 3, (1)
by (13) requires that

p_= = ¢ v e (15)
wvhich means that

0‘5 1

p . ¥, 4 .
S R I P F (1)

Since overtaking occurs when 3z /0z, < - 1, one notices that,
as expected, p = o, wvhen it begins.




In order to facilitate our discussion of the non-linear
oscillations we will in this section briefly discuass two
characteristic, and naturally well known [2], linear solu-
tions, viz. the "standing” plasma waves and the "travelling"
plasia vaves.

I. The "standing" plasma_ (or space_

If we assume that an ideal, gridded volocity nodulation

charge) wave 8

€8p is inserted at z, = O (in the following we neglect =_

and thus write all solutions in terms of z), that the strea=
ming eléectrons have not been subject to perturbations of any
kind before reaching this gap, and that the ac velocity pro-
duced by the same is (v,)

su0 = V. 8in wt, ve obtain
°
v, = v, sin(ut - az) cos(k, z), (17)
m W
E_ = --.-’2 v sin(ot = az) sin(k_z)
o

(18)

(19)

Py mg .
-; - -;;:9- [;% cos(wt - az) l:ln(kp z) -

(20)

- sin(wt - as) 99!(15, )],

e e




where

a = W/véo (21)

We notice that the convectidoh current is zero at the gap, but
not 8o the differential space charge density. In the ateady
state, and relations (17) to (20) are steady state solutions,
the velocity modulation produces an (normally small) ac
space charge density in front of the gap. We furthefmore no-
tice from (20), that p‘_“/p6 becomes large foF a very underdense
stream; i.e. wh0ﬁ.m/mp << 1, Overtaking thus rapidly occurs,
vhen the stream becomeés undéerdense.

If we have plasma resonance in the stream, i.e: when
® =, relations (17) and (20) yield

(‘%)miwi = % v;o {iin(wp t) + 5ia[wp(t - zs/vo)]} ’
(22)

v

"o - , !
(ev/pélniub == ?z? sinfw_(t - 22/v,) ] (23) |
|

components, onhe a pure plasma oscillation independent of z,
and the other a travelling "plasma wave" with the phase
velocity v /2. The ac charge density only appears in the form
of such a plasma (or space charge) wave. The pure plasma
oscillation, sin(w, t), as expected is not associated with
any fluctuations in p. In this respect there is little diffe-
rence between the stream and the stationary medium., For a
more detailed discussion of the transition from a moving to
a stationary medium, which is outaide the scope of the pre-
sent communication, the reader is referred to an earlier
paper by Rydbeck [2].

It is of interest to note, that p now appears in the
form of a pure travelling wave, a fact we will later make




use of to obtain an exact, and direct, solutioii of the density
variations.

Finally, if we locate the modulation plane at such a
position, that ééi(kp z) = 0, it now appears from (20), that
a density modulation, p_ = pP_ cos wt, at this plane (we
tagitly assume that it is péigﬂsla to perform such a modula-
tion), produces a velocéity modulation v/v, =
s (p_ wﬁ/pé w) eos(iﬁpz) sin(ot = az), kp z > ®/2, *Standing"
plasma waves thus can be produced by pure velocity modulation,
by pure density modulation or by a suitable combination of
both. It should be noticed that the underdense beam (w >> "‘;)
is much more sensitive to velocity than to density modula=
tion. By properly combining velocity and density modulation
it is also possible to produce a "travelling® plasma (or space
charge) wave.

If we produce tn§ fé;;owing veloocity and density modula-
tions at the modulation plane 3 = O,

(;:'-‘:)‘-.o & sin ot, (24)

v

. —e . (
<—> =3 w,g_ sin ot, (25)
Zu=0 - P

II. The "travelling® plasma_(or space charge) wave.

a "travelling" plasma wave is produced in: the stream, vis.

v

< = sinfut = (a2 .lsp) s], (26)

%’-gzg-?é—flom[qte(a;k):]. (27)

A.__A__ _




(28)

2

1 = -“-—-‘!-—9—- v, sinfot - (a s kp)ij. (29)
(-]

If the velocity and density modulation are 180° out of
phase, a slow plasma wave, sinfut = (x + k) 2], is produced,
and when they are in phase, a fast plasma wave, o:m{u)ts(aakp)“z];
It is important to note, that (for z > 0) p_/p , = O, when
wé have plasma resonance in the stream [(x = iep' compare also
(22) and (23)]. The travelling plasma wave is of special in-
terest in this connection, since its non=linear properties can
be obtained exactly and direct, when overtaking does not occur,
as will be shown in the following chapter 4.




Since we are dealing with travelling waves, wée now assume
that all quantities can be expressed as functions of the same
drift variable,

y=wt -vz, (B s E[(y), ete.] (30)

where v = o + kﬁ for the slow plasma wave, and Y a & = lzf, for
the fast plasma wave. It should be added; that it ¢an be shown
from our preévious relations in chapter 2, that y actually is
a constant [the electrons according to (10) always oscillate
harmonically with the angular frequency w, around their une

plasma wave thus becomes

Y nase * Yo Tt Y (31)
Yphase * Yo @ sk * vph*' 3

By (30) we next obtain
(0w = yV) %;’- - = :- E_, (Eq. of motion) (32)

dE_
= = Ye Ty " (Poisson's Eq.) (33)

ap,,

(0 =yv) = =vp g—‘y'- (Eq. of contimuity)  (34)

If we introduce the "reduced” velocity wave function

we W=y (35)

where it is to be noted that

voru=(agk) v, =z, (358)
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(the upper sign stands for the slow wave), relation (34)
imnediately yields
w._

R } 36)
5= (36)

B2t l (1 =22, (36a)
 J
vhich can be written under tha alternate form
wp_=v(vp=v, p,)e (37)
The Eq. of motion, (32), by (35) can be written

vhich yields
, 2
-tz e -3 (v?), (39)

2 ay

or, finally by (36a), the non-linear wave equation
2

2 v,
%fy—i (wg) +m§(l - -‘-'g) = 0, (40)

2
(% +1) v _=o0, ( Ip~/p°l<{<l). (41)
dy” o i )
which has the solution

v, = A sin(ut = y2) + B cos(ut = vs),

i.e. travelling waves only.
The non-linear wave equation for E_ can easily de de-

duced from the previous relations. It becomes

.




ella

ay (] ay ‘po

Fortunately (40) can be solved exactly. Multiplication
by dw/dy and integration twice ylelds

Yoy, =0+ (1 -p.h ;) coso, (43)
for the slow plasma wave, and
Yoy, %=0=(1=p./prax) 908 ¢ (b4) |

for the fast plasma vave. Since y = y, must everywhere be |
real, ¢ assuses the form i

(45)

i.e.

PoPain = 2 = Po/P max' (46)
or

Lo, Fo) ., (47)

Relations (43) and (44) can now be written

T .28, (43a)

y -y, = ¢ [arc o1n(Z) + (1

from which y direct can be plotted as a funotion of p/p°,
One immediately infers from (43a), that

$lroy)et gt (nzm), empep, ()
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which demonstrates how the P, = 0 positions is displaced,
when the stream is heavily modulated. Furthermore onée notes,
that

t (y=vy) sx/2 (+ a2%), vhen p = P max’ (49)
¢ (y=y,) =~ n/2 (+n 27), when p = Pmin’ (50)

i.e. the distance between the space charge maximum and mini-
mum is independent of p /p ... as it should be.
One easily proves from our previous relations, that

(-]

~ (51)

s 4 ==k (1 < L

and by (36) that

v, Po W .
— ¢ (= 9. s ¥ u
o = pin:ax' 3 'p

s (-1 ;—;;,—;- (52)

Relations (51) and (52) show that the positive and negative
peak values of E , respectively v are equal even in the non-
linear case. - ~

Vhen overtaking occurs p = @, which thus takes place
vwhen

”9;’11; 1; o "+ w sz!
It thus appears that -—- Vph*/" can be regarded as a measure
of the non-linearity. gurthomoro one notices, as hasalready
been pointed out in a previous section, that the oritical ac
velocity, Veortt' is extremely small for a very underdense
stream,
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It is especially interesting to note, that for the re-
) 7 criy 18 equal to - vé/? for the slow

sonant stream (w = “’p)’ v

which now transforms into a stationary plasma oscillation
(see also chapter 3).
Furthermore it should be pointed out, that

(condition for overtaking)

R (53)

<+

[}

as might be expected. g
Finally it should be mentioned that, according to (8),
the displacement of the oscillating electron planes becomes

Y P P
$ (1 o S
s =25 ( )

(54)

max

The maximum displacements at overtaking thus are

) | .
rmy  Mony (34a)

ek b

vhere A = V_ xo/oo, and A 1s the vacuum wavelength.
linear case, p = O for the fast plasma wave, when @ = w_.
The eorresponding value of lz,,ﬂ,c - tl then by (54a) = .
Finally one direct infers that, as it should be, (43a),
(51) and (52) reduce to the linear expressions (27), (28),
and (26), when Popax’Po << 1
In order to demonstrate the nature of the non-linear

travelling plasma waves, we have in Figs. 1, 2 and 3 plotted

P/Pyr B /(E) _ov and v /Iv, x| 2% fumctions of y - y, for

Puax/Po ® 1+1: 2:0, 10 and 100. If we, to take a typical 1
example, assume that w/w_ = 5 (a relatively underdense stream),
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Fig. 1. P/P, as function of y - y, for the non-1inear travel-
1ing plasma wave,
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rig. 2. ;@/(s,)‘,_po as funotion.of y = y, for the nom-linear
travelling plassa vave,
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rig. 3. v./Iv, | as function of y - y, for the non-limear
travelling plassa wave.




0.1250, 0.2250, and 0.2475 for the fast plasma Wave

(ﬂﬁij/pb = 0 would correspond to |V .. |/v, = 0.2500, at
which veloscity overtaking begins). It appears from the three
curves that the non-linear waves rapidly become very rich
in higher harmonics. It is especially inteéeresting to note
the very intense charge bunching which becomes possible
when v_ approaches its critical value (in the present nume-
rical case v /4). If such a stream runs through a multi-
resonant system, for example the solar corona, an ionized
mediwh in a plasma ampiifier, or a series of cavities in a
microwave device, very high harmonics may be excited.
Whether a net harmonic radiation actually takes place or not
from the interacting medium is a problem of its own, diffi=
cult and beyond the aims of the present report.
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5, gon_with Olving's method ¢

I. The non:linear travelling plasms wave.

Follewing Olving's approach [1], we now write dowi the
electronic displacement for the fast plasma wave, Vvis.

g = = ‘?ﬁ é; éﬂ@&pt = (a = k_)Z;]. (55)

By (16) this yields [see also (27)]

ip&_j = "”“"‘ff'_jlv, - a p k; ’?f‘”‘*,‘-i‘"f‘f,_‘, — e _;. (36)

01 o =8 P ynfpt - (0 =k )3,.]

Vo kf, P’ "o
vhere it has to be remembered, that z = z, + 2z_. By these two
relations p/po can successively be plotted as funotion of £,
or of ¥y = wt = (& = kp)z for that matter.

In this special case of a travelling plasma wave, one
can, however, proceed in the following manner to obtain the
same direct relations as in the previous chapter 4. If we
introduce

¥= ot - (a- kp) 3,20t - (a=-k)(z=-3), (57)

relation (56) can be written

1V -p, /P
-in Q = ,‘,;"_;i,‘j,;;, o

- = F, (58)

i.e.
¢= arc e1n(%) (+ n 2%) (59)
or

y =t - (asl,sP) % = arc sin(Zf) - s,,(ael;?).
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By (55) and (52) one obtains

-i~(va-kp)i(1i%) /;a;. (60)
which immediately yields

y = arc sin(%) + (1 = éﬁ;)ﬁ?'

which is identical with our previous relation (43a).

simple transformation is not possible, except when v = o
as will be shown in the next section.

II. The _nonzlinear standing plasma wave.

Again following Olving we write

v
A Y DD S v :
g = —vo _kp sin(ut = cxzé) Oin(kp zo). (61)

By (16) this yields [see also (20)]

1

Po

1= '“v::' '[;‘?; cos(wt-as ) sin(k =) iiga.n(wtéaso)co;(kvso) ]
(62)

where it again is to be remembered that 3z = 3, + 3_.Ve
furthermore have [see also (18) and (17)]

E = .,.3__!4 ke sin(ot - as ) gin(lspgo). (63)

It appears from (62) and (61) that = and =_ can not
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now be éliminated from(63), that can be written in the fol-
lowing form, viz.

2 stnwt-(aik )s, ]}

(65) °

L (66)

& e 4 % P - o a8
1 + —ﬁé sin(wt s 2a zo)

and we are left with one traveiling wave only, since, as has
been pointed out before, the stationary plasma oscillation
does not produce any variations ii p.

Following the same procedure as in section 1; we obtain

wt - 2a z = arc sin(§) - 2a 2 _. (67)

S8ince 2 can be writteén

" < 5 {Go-fwt - (@ +k) 3] -

(68)

- cosfwt ~ (a = I_zp) ;O]} R

we obtain, in the case of plasma resonance,

(s,,)r - ;-3 -l»a [cos(wt - 2x z,) - cos wt], (69)

1.0,

- cos wt). (69a)

Relation (67) now yields the final result, vis.
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max Bax

(70)

We notice, that for any given eime;‘p/po now varies (we neg-
lect the space phase difference) with 3 exactly as the non=
linear pure travelling plasma wave. As a function of time,
for a given position z, the variation is different however.
This is dué to the fact, that there is a pure plasma oacilla=
tion superimposed on the electronic displacement, z_. The
actual time variation, for fixed z, is easily obtained from
Fig. 1, since one only has to correct y for the sinusoidal

/P._...) cos wt. Methods of this type might

displacement (1 - Po/Prax

in streaming, ionized media.

In order to compare the physical properties of the non-
linear travelling and standing plasma waves, we have in
Figs. 4, 5, 6, 7, 8, and 9 depicted the variation of p/p,,

E /E,, vhere E = m v k /e, and v /¥o 88 funceione of 3 for

: o p ' T~
wt = n 2%, and wt = n 2% + ©/2. Furthermore, to demonstrate

the importance and the effect of the electronic displacement,
s_, ve have also, in the same Figs., plotted the former quan-
titiog (dashed curves) uncorrected for z, i.e. as functions
of kp Z,+ It is interesting to note, that the displacement
corrections tend to sharpen the peaks, when wt = n 2%, and

broaden them when wt = n 27 + T/2. All curves have been
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Fig. 5. P/p, as fumction of 3 for a non-linear standing
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.#4gs 6. K./E, as function of s for the mon-linear standing
plassa wvave (wt = n2x),
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Pig. 8. v /v, us function of s for the non-linear stending
plasma wvave (pt = m2%),
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plotted for ir‘“o/vé s 0,10 and (n/u)p = 5, 1.0, for a fairly
uniderdensé stream, This yields a maximum p/poavsiuo of almost
two.

Finally, in order to make a more direct comparison
between thé charge bunchings associated with the travelling
and standing plasma waves; we have, in Fig. 4, replotted also
the p/p -curve, forp_. /o = 2 (and m/'mp & 5), of Fig. 1.

It is particularly interesting to note, that the peak bunching
regions have almost the same shape for the two waves (which are
modulated neéearly equally much), in spite of their physically
quite different nature.




*29=

The research reported in this communication has been
made possible by support from the European Office of Aerospace
Research and from the Ionosphere Research Laboratory, Pean-

M.So0.;, who prepared the graphs of this report.




1. 8.,0lving: On the nonlinear theory of the plans klystron,
Research Report EE 500, 1961, School of
Electrical Engineering, Cornell University.

2. O.E.H.Rydbeck: Electromagnetic and space charge waves in
inhomogeneous structures (with applicatioas
to ionized media and microwave tubes), Rese-
arch Report No 8, 1960, Research Laboratory
of Electronics, Chalmers University of Techno-
logy.




3. The linear (small signal) oscillations .iisiseee

1. The "standing® plasaa (or space charge)

WAVOSecisoissesssscsssrcecsssssossccnicrosoavd

II. The "travelling* plasma (orF space charge)

b The non=linear travelling plasiia WAVe .:esisessse
S. A comparison with Olving's method of non-
1inear ARALYSLS ccicsiisiiisccscainscscvsssisias
I. The non=linear travelling plasma WAVe ....s
II. The non-linear standing plasia Wave ...i.ee
6, ACKNOWLAAZOMONLE seccovciscsssosssssiosisscsssssaté

ROLOFONCOS ssscctvisatiosoiovssocnsossisissossssesssse

LY. 7 -3

18
18
19
29
30



O.E.H. Rydbeck: A theoretical survey of the possibilities
of determining the distribution of the freée
electrons in the upper atmosphere; Trafs.
Chalmers Univ. of Techn., No. 3; 1942,

O0.E.H. Rydbeck: On the propagation of radio waves; Trans.
Chalmers Univ. of Techn., Nov 34, 1944,

O0.E.H. Rydbeck: On the spherical and spheroidal wave func-
tiona; Trans. Chalmers Univ. of Techn., No.
L3, 1945,

O.E.H. Rydbeck: A simple Kerr modulator for ionospheric
recording; Trans. Chalmers Univ. of Techn.,
No. 44, 1945,

0.E:H. Rydbeck: Chalmers solar eclipse ionospheric ex-
pedition 194%; Trans. Chalmers Univ. of

1. O.E.H. Rydbeck: The theory of the traveling-wave tube.
1947, *)

2. J.S.A. Tomner: The experimental development of tra-
veling-wave tubes; Trans. Chalmers Univ. of
Techn., No. 679 19&8.

3. S.I. Svensson: Pulser and water load for high power
magnetrons; Trans. Chalmers Univ. of Techn.,
No. 68, 1948,

4. VU, Ingdrd: On the radiation of sound into a circular
tube with an application to resonators;
Trans. Chalmers Univ, of Techn. No. 70, 1948,

5. D, Strantz: A study of impressive wave formation in the

atmosphere; Trans. Chalmers Univ., of Techn.,
No. 71, 19&89

*) Not published in the Chalmers Transactions.




6.

7

8.

10.

11,

12,

13.

14,

16,

D. St¥antz: Ozonradiosonde; Trans. Chalmers Univ.
of Techn., No. 72, 1948,

0.E.H. Rydbeck: On the propagation of waves in ahn
inhomogeneous medium, I; Trans. Chalmers
Univ. of Techn., No. 74, 1948,

0,E.H; Rydbeck and D. Strantz: ILonospheric éf-

fects of solar flares. Preliminary report
No:. 1; Trans. Chalmers Univ. of Techn.,
No. 83, 1949,

0.E.H. Rydbeck: On theé forced electro=maghnetiec
oscillations in spherical resonators. 1948.*)

J.S:A. Tomner: Experimental investigation of a long
electron beam in an axial maghetic field;
Trans., Chalmers Univ. of Techn., No. 92,
1949 .

0.E.H: Rydbeck: The lonospheric and radié wave pro=
pagation observatory at Kiruna, 67° 50' N,
20° 14,5' E. 1949, *)

R. Lindgquist: The panoramic¢ ionospheric recorder.
1949, *)

R. Lindquist: Ionospheric effects of solar flares.

Chalmers Univ. of Techn., No. 95, 1950.

0.E.H. Rydbeck: The theory of magneto ionic triple
splitting; Trans. Chalmers Univ. of Techn.,
No. 101, 1951.

0.E.H. Rydbeck and S.K.H. Forsgren: On the theory
of electron wave tubes; Trans. Chalmers
Univ. of Techn., No. 102, 1951,

R, Lindquist: Polar blackouts recorded at the Kiruna

Observatory; Trans
Techn., No. 103, 1

. Chalmers Univ. of
951.

*) Not published in the Chalmers Transactions.




17. S.K.H. Forsgren: Some calculations of ray paths in
the ionosphere; Trans., Chalmers Univ. of
Techn., No. 104, 1951,

18, B.N. Agdur: Experimental observation of doublé=stream

amplification. Preliminary rnotes; Tians. Chals

mers Univ. of Techn., No. i0%, 1951, ' |
I
19, B.N. Agdur and C=G., L. lsdal: Noise eéasurements on a !

travoling wave tubej Trans. Chalmers Univ.
of Techn., No. 106, 1951,

20. S.K.H. Forsgreni and O0.F. Pérers: Vertical recording
of rain by radar; Trans. Chalmers Univ, of
Techn., No. 107, 1951.

21. O:F., Perers, B.K.E. Stjernberg and S.K.H. Foragren:
Miérowvave propagation in the optical range;
Trans. Chalmers Univ. of Techn., No. 108,
1951,

22. R, Lihdquists A survey of recent iOﬂéépherie measure=

pagation obaervatory at Kiruna. 1951, *)
23. R. Lindquist: A 16 kW panoramic ionospheric¢ recorder; |
Trans, Chalmers Univ. of Techn., No. 109,
1951,
24, BP-A. Lindblad: A radar investigation of the delta
aquairid meteor shower of 1950; Trons. Chalmers
Univ. of TQCM!. No. ‘_299 1952.

25, G. Hellgren: The propagation of electromagnetic waves
& a conical helix with variable pitch;
Trans. Chalmers Univ. of Techn., No. 130,

1953,

N
O
R J

G. Hellgren and J, Meos: Localization of aurorae wit)

10 m high power radar technique, using a ro-
tating antenna, 1952, *)

*) Not published in the Chalmers Transactions. i




27.

28.

29,

31,

32.

34,

35.

0.E.H. Rydbeck: On the excitation of different space
Trans. Chalmers Univ. of Techn., No. 131,
1953.

0.E.H. Rydbeck and B. Agdur: Tle propagation of elec=
tronié spacé charge waves in periodic struc-
tures; Transe. Chalmers Univ. of Techn., No.
138, 1954,

B:N. Agdur: Experimental investigation of noise re-
duction in traveling wave tubes; Trans.
Chalmers Univ, of Techti., No. 139, 1954,

step tube; Trans. Chalmers Univ. of Techn.,

0.E.H. Rydbeek and H. Wilhelmsson: A theeretical in=
vestigation of the ionoapherie electron den-
sity variation during a solar eclipse; Trans,
Chalmers Univ. of Techn., No. 149, 1954,

H. Wilhelmsson: The ihteraction between an obliquely
incident plane électromagnetic wave and an
electron beam. Part I; Trans. Chalmers Univ.
of Techn., No. 155, 195k,

S. Olving: Electromagnetic wave propagation on heli=
cal conductors imbedded in dielectric me-
dium; Trans. Chalmers Univ. of Techn., No.
156, 1955.

S. Olving: Amplification of the traveling wave tube

at high beam current. Part I; Trans, Chalmers
Univ. of Techn., No. 157, 1955,

H, Wilhelmsson: On the reflection of electromagnetic
waves from a dielectric cylinder; Trans.
Chalmers Univ. of Techn., No. 168, 1955.




36.

37.

38 .

39.

ko.

bt.

b2,

43,

bi,

hs.

B«A. Lindblad: Combined visual and radar observis
tions of Perseid meteors: I. Observations in
1953, *)

S: Olving: A new method for space charge wave inter=
action studies. Part I; Trans. Chalmers
Univ. of Techn., No: 178, 1956.

V. Westberg: Measurments of néise radiation at 10 ¢m
from gloew lamps; Trans. Chalmers Uniwv. of
Techn., No:. 180, 1956.

8.I. Svensson, G. Hellagren and 0. Perers: The swe=

to Italy,1952: Trana. Chalmers Univ. of Techn.,
No. 181, 1956,

N. Wax: A note on desighn considerations for a proposed
auroral radar:; Trans, Chalmers Univ. of Techn.,
No. 182. ‘957-

N. Wax: On the ring current hypothesis; Trana. Chalmeérs
Univ. of Techn., No. 171, 1956,

G.H. Joshi: The electromagnetic interaction between two
crossing electron streams. Part I; Trans, Chal-
mers Univ. of Techn., No. 183, 1957,

J. Meos and S. 0lving: On the origin of radar echoes

associated with auroral activity; Trans. Chal-
mers Univ. of Techn., No. 196, 1958.

crossing electron streams. Part II; Trans. Chal-
mers Univ. of Techn,, No. 197, 1958,

H, Wilhelmsson: The interaction hetween an obliquely in-
cident plane electromagnetic wave and an electron

beam. Part II; Trans. Chalmers Univ, of Techn,,
No, 198; 19§8o

*) Not published in the Chalmers Transactions.




6. H.Wilhelmsson: On the properties of the electron
beam in the preseénce of an axial magnetic
field of arbitrary strength; Trans. Chals
mers Univ. of Techn.; No. 205, 1958,

47, H.Wilhelmsson: The interaction between an oblique=
1y incident plahe electromagnetic wave and
an electron beam., Part III; Trans. Chals=
mers Univ. of Tééhni, No. 206, 1958.

48, B.H8glund and V.Radhakrishnan: A radiometer for
the hydrogen line; Trans. Chalmers Univ,
of Techh., No. 223, 1959,

49, S.0lving: Eleétromagnetic¢ and space charge waves
in a sheath helix; Trans. Chalmers Univ.
of Techﬁ.., No. 225, 1960.

50. H.Wilhelmsson: A survey of radio-frequeney and
microwave resonance lines of interest to
radio astronomy. 1960. *)

51: S.0lving: A new method for space charge wave inter-
action studies. Part II; Trans. Chalmers
Univ. of Techn., No. 228, 1960.

52, Papers presented at the fourth international confe-

rence on ionization phenomena in gases at
Uppsala, August 17-21, 1959. 1960, *)
53. H.Wilhelmsson: Two problems concerning the electron

ring current. 1960. *)

54. T.Orhaug: The variation of electron demnsity in the

ionosphere during a solar eclipse. 1960. *)

55. H.Wilhelmsson and M.Fischer: On the force-free magne=-
tic fields. 1960, *)

56. O.E.H.Rydbeck: On the coupling between waves in inhomo-

geneous sysiems, 1961, *)

#) Not published in the Chalmers Tramsactioms.




By

1.

3.

L

5.

[

7.

9.

10,

0.E.H. Rydbeck and K.H.B, Wilhelmss.h: The influeénce
of the électron velocity distribution on space
charge waves. 1959,

K.H.B. Vilhelmsson: Oscillatory properties of gyromag-
netic eleéctronic cold plasmas with drift mo=
tion. 1959,

H.B. Hvatum: Solar radio noise measurements during the
1954 solar eclipse. 1959.

T.Aa. Orhaug: Ionospheric observations during the solar
eclipse June 30, 1954. 19%9,

K:H.B. Wilhelmsson: The electromagnetic coupling between
an electron beam and incident plane waves for
an axially finite interaction domain. 1960.

Research notes communicated at the radio scientifie
conference in Stockholm, February 29 - March 2,
1960. 1960,

0.E.H. Rydbeck: The propagation and coupling of waves
in inhomogeneous media with applications to
electromagnetic and space charge waves. (On the
propagation of waves in an inhomogeneocus medium
I1.)

0.E.H, Rydbeck: Electromagnetic and space charge waves in
inhomogeneous structures with applications to
ionized media and microwave tubes. 1960.

K.H.B, VWilhelmsson: On the georotrical theory of diff-

1960.

0.E.H, Rydbeck: The Doppler effect in dispersive, inhomeo-
geneous media with applications to electromag-
netic wvaves in ionised media. 1960.




11,

12,

13,

L

15.

16.

18,

19,

20,

21,

22,

23.

§.01lving and A.0tsi An experimental investigation of
the propagation of space charge waves along
radially inhomogeneous electron beams. 1960,

AsV.Stomberg: The rotatron - an electron tube for
shift and multiplication of frequencies.
1960.

in an électron beam of Gauasian cross section.
19603

0.,E.H.Rydbeck: The integral equation of traveling wave
tubes with eléctron beams of arbitrary cross
section. 1960.

0.E.H.Rydbeck and A,R.Thomasson: Lew frequency waves
in inhomogeneous magneto ionic media. 1960.

T.Aa.Orhaug: Observations of radio star scintillations
at high latitudes. 1960,

T.Aa.,0rhaug: Obaservationa of solar Fadio noise at
150 M¢/s. 1960.

0.E.H.Rydbéck: Electron atream whistler mode interac=

K.H.B.Wilhelmsson: On the problem of overtaking in a
velocity distributed electron stream. 1960,

0,E.H.Rydbeck: On the coupling between waves in inhomo-
geneous systems. 1960,

0.E.H.Rydbeck: Research in the field of propagation

and interaction of electromagnetic waves and
space charge type waves in homogensous and
inhomogeneous media. 1960,

of incoherent scattering of radio waves by a
plasma in a uniform magnetic field. 1961.

L.F.Eastman: Coherent non-linearities in a magneto-
ionic medium. 1961,




24,

D.T.Parley: Artificial heating of the electrons in the
F-region of the ionosphere. 1961,

K.H.B.Wilhelmsson: Scattering of electromagnetic waves
by an anisotropic medium. 1961.

K.H.B.Vilhelmsson: The interaction between an obliquely
incident plane electiromagrnetié¢ wave and an
électron beam in the presence of a static magne=
tic field of arbitrary strength. 1961,

0.E.H.Rydbeck: Dynamic non-iinear wave propagation in

0.E.H,Rydbeck: Dynamic non=-linear wave propagation in

ionized media. 2. The magneto=ionic medium. 1962.

K.H.,B.Wilhelmsson: Lectures on the quantum theory of

masers. 1962,

D.T:Farley: Lectures on the scattering of radio waves

from randonly fluétuating media given 1961
at Chalmers University of Technology, Gothen=

A.Elvius: Lectures on galactic dynamics given 1961 at

Chalmers University of Technology, Gothendburg.
1961,



